Reactive oxygen species (ROS) and downstream products of lipid oxidation are emerging as important 22 secondary messengers in tissue homeostasis. However their regulation and mechanism of action remain 23 poorly studied in vivo during normal development. Here we reveal that the fine regulation of hydrogen 24 peroxide (H2O2) levels at the degradation step by its scavenger Catalase is crucial to mediate the switch 25 from proliferation to differentiation in retinal progenitor cells (RPCs). We further show that altering the 26 levels of downstream products of the Redox signaling can also affect this switch. Indeed, we identify 9-27 hydroxystearic acid (9-HSA), an endogenous downstream lipid peroxidation product, as a mediator of 28 this effect in the zebrafish retina. In fact, RPCs exposed to higher amounts of 9-HSA failed to 29 differentiate and remained proliferative. We found that 9-HSA exerts its biological function in vivo by 30 inhibiting the activity of histone deacetylase 1. We finally show that the local and temporal 31 manipulation of H2O2 levels by catalase overexpression in RPCs was sufficient to trigger their premature 32 differentiation. Therefore the amount of H2O2 in RPCs is instructive of their ability to switch from 33 proliferation to differentiation. We propose a mechanism that acts in RPC and linking H2O2 homeostasis 34 and neuronal differentiation via the modulation of lipid peroxidation. 35 36 37 38 39 40 41 42 43 44 45 46 Key words 47 48 Redox signaling, lipid peroxidation, retinal progenitor cells, stem cell metabolism, neuronal 49 differentiation, H2O2, 9-HSA, HDAC1, zebrafish 50 4 retinogenesis, retinal progenitor cells (RPCs) start differentiating in a central to peripheral manner. By 3 81 dpf, the central retina is fully differentiated and a peripheral stem cell niche, known as the ciliary 82 marginal zone (CMZ), forms to ensure tissue homeostasis throughout the lifelong growth of the fish. The 83 CMZ comprises three main cell domains labeled by the expression of different transcription factors: the 84 rx2 domain, which contains RSCs (retinal stem cells) and RPCs, the ccnd1 (zebrafish equivalent to 85 cyclinD1) domain where cycling progenitors are found and an ath5 domain, which contains cycling and 86 committed RPCs (Agathocleous & Harris, 2009; Ohnuma & Harris, 2003; Reinhardt et al, 2015; Wan et 87 al, 2016). Due to this precise spatial and temporal organization, the zebrafish retina provides an excellent 88 model to assess the effects of ROS and lipid peroxidation downstream products on a stem cell and 89 progenitor cell population in vivo. Here we show that H2O2 levels are dynamically regulated in the 90 developing and in the mature neuro-retina where the expression of the H2O2 scavenger catalase follows a 91 pattern reminiscent of the neurogenic progression. H2O2 levels are further reflected on the lipid 92 peroxidation state in these cells as shown by the enrichment in the end marker of lipid peroxidation 4-93 hydroxynonenal (4-HNE) within the CMZ. Thus, H2O2 and lipid peroxidation may be act in the regulation 94 of retinal cell proliferation and differentiation during the development and the growth of the tissue.
Introduction 51 52
Adult stem cells and progenitor cells require metabolic plasticity in order to adapt to a quiescent or 53 highly proliferative state, respectively. Stem cells preference for aerobic glycolysis rather than oxidative 54 phosphorylation has been proposed to be due to the hypoxic environment in which they replicate and the 6 lakritz ( Supplementary Fig. 1A-B ) ( Kay et al, 2001) . Interestingly, the absence of Ath5 in the retina did 140 not affect catalase expression, which is still found in the CMZ ( Supplementary Fig. 1A -B ). Therefore 141 catalase is expressed in the same neurogenic domain labeled by ath5, but independently from Ath5 142 function itself. These results indicate that catalase is expressed in cycling RPCs prior to their last 143 division during development and, later, during retinal growth.
144
ROS including H2O2 can react with polyunsaturated fatty acids of the lipid membrane and induce lipid 145 peroxidation. 4-hydroxynonenal (4-HNE) is a known end-product of lipid peroxidation and is 146 considered as a secondary messenger and marker of oxidative stress (Barrera et al, 2008; Barrera, 2012;  147 Pizzimenti et al, 2010) . In order to ask whether lipid peroxidation occurs in RPCs and differentiated 148 neurons, we assessed their content in 4-HNE at 3 dpf (Schneider et al, 2001) . By 149 immunohistochemistry, we were able to detect enrichment in 4-HNE signals in the CMZ, while little or 150 no signal was detectable in the differentiated part of the 3 dpf retina (Fig. 1e ). These results reveal that, 151 in contrast to differentiated retinal neurons, RPCs have a higher content in 4-HNE, indicating that lipid 152 peroxidation is active within these cells.
153
Taken together, our results indicate that H2O2 scavenging and lipid peroxidation are active processes 154 occurring within cycling RPCs during retinogenesis and retinal growth (Fig. 1f ). 155 156 9-HSA lipid peroxidation product is produced endogenously in zebrafish 157 In the search of a possible molecular mechanism that could link H2O2 homeostasis and lipid peroxidation 158 to cell proliferation and differentiation in the retina, we focused our interest on the 9-hydroxystearic acid 159 (9-HSA) as one of the putative endogenous mediator of the redox pathway in the retina. 9-HSA has 160 indeed previously been identified as an endogenous by-product of the lipid peroxidation in colon 161 carcinoma cells where it acts as a growth inhibitor (Cavalli et al, 1991; Calonghi et al, 2007; Gesmundo 162 et al, 1994) . Given the importance in human cancer cell models, we assessed whether 9-HSA is 163 endogenously produced in vivo in zebrafish under physiological conditions. In order to evaluate the 164 content of 9-HSA in the lipid extract of the zebrafish embryo, a liquid chromatography-electrospray 165 ionization-tandem mass spectrometry (LC-ESI-MS/MS) method was optimized. The reverse phase 166 chromatographic separation efficiency was evaluated by analyzing simultaneously 9-HSA and its isomer 167 10-HSA and, as it can be observed in the chromatogram in Fig. 2a , the analysis allowed a good 168 separation of the two molecules. A calibration curve (y = 283,78x -42295) was obtained by plotting the 169 fragment ion 253.2 peak area versus the corresponding concentration, expressed as ng/mL. The linear 170 correlation coefficient (r2) exceeded 0.995, indicating a linear behavior of the response over two orders 7 of concentration of the analytes. Quantification of the endogenous amount of 9-HSA in zebrafish 172 embryos at different developmental stages (prior 1 dpf, 1, 3 and 4 dpf) was performed and results were 173 expressed as µg/mg of lipid extract. We observed an increase in the content of 9-HSA in the lipid 174 extract of the zebrafish embryo over time ( Fig. 2b ). Our quantifications therefore reveal that 9-HSA is 175 endogenously produced during zebrafish development. Taken together, the biological role of 9-HSA in 176 cell culture and its endogenous production by the lipid peroxidation machinery in zebrafish suggest an 177 in vivo role for the molecule (Fig. 2c ).
179

Exogenous administration of 9-HSA leads to retinal differentiation defects 180
We next asked whether 9-HSA has a role in the regulation of RPC fate. To do so, we evaluated the 181 effect of RPC overexposure to 9-HSA by exogenous administration on retinal differentiation. Synthetic 182 9-HSA (or DMSO vehicle) was injected into 1-cell stage zebrafish embryos and retinal sections were 183 analyzed at 2 and 3 dpf ( Fig. 3) . At 2 dpf, retinal ganglions cells (RGCs) have differentiated, and at 3 184 dpf the fish retina is fully differentiated and comprises all neuronal and glia cell types (Hu & Easter, 185 1999) . Immunohistochemistry for different retinal cell classes was performed: Zn5 marking all retinal 186 ganglion cells at 2 dpf, Parvalbumin for amacrine cells, GS for Müller glia cells and Zpr1 for 187 photoreceptors at 3 dpf (respectively Fig. 3a , b, c, d) . With respect to the DMSO control retinae, our 188 analysis revealed a strong reduction in differentiation markers expression for all the tested retinal cell 189 types in the 9-HSA injected embryos (Fig. 3a', b', c', d' respectively) . In some cases, like for Zpr1 190 photoreceptor marker, the most central part of the retina appeared to be more affected than the 191 peripheral regions ( Fig. 3d') . This can be explained by the retinal differentiation process, which 192 temporally propagates from the central retina to the periphery (Stenkamp, 2007) . Therefore cells in the 193 distal part undergo neuronal differentiation at later developmental stages, when exogenous 9-HSA 194 amounts may have started to decrease. These observed defects in differentiation in 9-HSA -treated 195 retinae were not associated with cell death as can be observed at 3 dpf by TUNEL assay (Supplementary cells in 9-HSA retinae were significantly increased at 2 and 3 dpf (n = 5, p-value: 0,0176 at 2 dpf and n 217 = 4, p-value: 0,0060 at 3 dpf for 9-HSA, Fig. 4c -d) . These results indicate that RPCs overexposed to 9-218 HSA amounts fail at exiting the cell cycle and are more prone to remain in their proliferative state, in 219 contrast to 9-HSA role in vitro where it acts as a growth inhibitor.
221
High levels in 9-HSA content impact on cell cycle effectors expression in the zebrafish retina 222
The defects in differentiation and proliferation that we previously observed could be consequences of 223 the deregulation of the expression of key cell cycle regulators. We therefore next examined whether 9-224 HSA could affect the expression of genes involved in cell cycle regulation and cellular differentiation 225 events. C-myc is a proto-oncogene involved in the regulation of cell proliferation and differentiation 226 (Schreiber-Agus et al, 1993) . In 2 dpf DMSO control retinae c-myc mRNA was detectable in the 227 outermost region of the forming CMZ where RSCs and RPCs are located ( Fig. 5a, 5c ) (Wan et al, 228 2016). In contrast, in 9-HSA-treated retinae c-myc transcripts were found both in the CMZ and in the 229 central retina ( Fig. 5a -a' ). We also assessed the expression of two important cell cycle regulator genes: 230 cyclinD1 (also known as ccnd1) and p27 (Yarden et al, 1995; Masai et al, 2005) . In DMSO treated 231 retinae, p27 was found expressed in patches all over the neuroepithelium at 2 dpf ( Fig. 5b ). p27 232 expression was found drastically down-regulated in 9-HSA -treated retinae (Fig. 5b') . Unlike p27, 233 cyclinD1 expression was strongly up regulated in 9-HSA -treated retinae with respect to control (Fig. 5c 234 -c'). Indeed in 9-HSA -treated retinae, cyclinD1 transcripts were detectable in the entire retina, while 235 9 in control embryos cyclinD1 expression was confined to the forming CMZ. Therefore, 9-HSA can affect 236 the expression of crucial cell cycle regulators and effectors. High levels of 9-HSA in RPCs causes a 237 deregulation in the expression of these cell cycle regulators, which correlates with the increase in 238 proliferation and differentiation defects observed in these retinae.
240
9-HSA inhibits HDAC1 activity in vivo in a tissue-specific manner 241
We previously demonstrated that tumor growth inhibitory effect of 9-HSA on human colon carcinoma 242 cells (HT29) in vitro was mediated through a direct fatty acid interaction, leading to a decrease of the 243 enzymatic activity of the histone deacetylase 1 (HDAC1) (Calonghi et al, 2005; Parolin et al, 2012) . In 244 zebrafish HDAC1 was shown to be required for aspects of the eye and central nervous system 
252
These data are strongly suggesting that the effects of 9-HSA injection are mediated by HDAC1 253 inhibition in our in vivo system. We therefore assessed whether in vivo, 9-HSA can impact on HDAC1 254 activity. By immunohistochemistry, the histone H4 acetylation (acH4) levels in hdac1 -/-mutant, wild 255 type siblings, 9-HSA -injected and control (DMSO-injected) zebrafish embryos were evaluated ( Fig. 6a 256 -h). Hyper-acetylated H4 levels were strikingly increased at 2 and 3 dpf in 9-HSA -treated and hdac1 -/-257 mutant retinae, in comparison to the respective controls ( Fig. 6a -h ). To further demonstrate that 9-
258
HSA induces an increase of histone H4 acetylation, a western blot was performed on 3 dpf whole 259 embryo lysates (Fig. 6i ). The western blot analysis was also performed to assess the effect of 9-HSA on 260 the acetylation of lysine 9 of histone H3 (acH3K9, Fig. 6i ). A significant increase in the level of histone 261 H4 acetylation could be detected, and the same was observed for the histone H3 acetylation mark 262 (acH3K9) in 9-HSA -treated and hdac1 -/-mutant embryos with respect to controls. Western blot 263 quantification (n = 3) of H4 and H3 hyper-acetylation marks revealed an increase of 2.7 fold for the 264 histone H4 in 9-HSA -injected embryos over DMSO-injected embryos (SD ± 1.3) similarly to hdac1 -/-265 where an increase of 2.8 fold in the acH4 mark was measured (ratio over wild type sibling, SD ± 1.2).
10
Concerning acH3K9 acetylation mark, we measured an increase of 2 fold in 9-HSA -treated embryos 267 over DMSO-injected embryos (SD ± 0.96) and an increase of 2.3 fold in hdac1 -/-mutants over wild type 268 sibling (SD ± 0.4) ( Fig. 6j ). These results therefore indicate that 9-HSA in vivo can act as an inhibitor of 269 HDAC1 and can as such impact on the proliferative capacity of a cell depending on its amounts.
270
In order to assess the specificity of 9-HSA in promoting RPCs proliferation, we evaluated its effect on 271 the development of the hindbrain where HDAC1 enzymatic activity was shown to play an opposite role 272 with respect to its retinal function (Cunliffe, 2004; Stadler et al, 2005; Yamaguchi, 2005) . Indeed in this 273 tissue, HDAC1 was shown to be required for the responsiveness of precursors cells to Hedgehog 274 signaling pathway signals by repressing Notch signaling pathway effectors and its loss-of-function leads 275 to a reduction of cell proliferation at 1 dpf (Cunliffe, 2004) . In line with these results, we observed a 276 significant reduction in cell proliferation in the hindbrain of 1 dpf 9-HSA -treated in comparison to 277 DMSO control embryos (n = 7 hindbrains for DMSO and n = 9 for 9-HSA treated hindbrain. Average Tg(ubi:HyPer),Tg(rx2:gal4). We imaged the injected retinae at 24 hpf when H2O2 levels are high and 295 homogeneous throughout the retinal epithelium (Fig. 1a ). We observed that in the RFP-positive clones 296 expressing ectopic catalase, H2O2 levels were decreased with respect to their neighbor cells, showing 297 11 that H2O2 levels can be modulated by our construct in a temporal and local manner (Figure 6b ). We then 298 decided to evaluate the effect of the decrease in the levels of H2O2 in those progenitors. To do so, we 305   7c and d) . Surprisingly, the early expression of catalase induced in rx2-expressing clones was sufficient 306 to drive the differentiation of Zpr1-positive cells in all clones examined ( Fig. 7c and d ). Together these 307 results show that, upstream of lipid peroxidation events, the levels of H2O2 and their degradation by cells is tightly associated with an increase in ROS production, which need to be at optimal levels for the 326 process to efficiently occur. They also observed that this initial increase in the production of ROS in 327 these cells is later decreased and maintained at lower levels by the up-regulation of ROS scavenger 328 enzymes and antioxidants such as Catalase or Superoxide Dismutase, preventing these cells from 329 cellular and genomic damages triggered by excessive ROS exposure. Therefore the levels of ROS and 330 their regulation are essential to ensure their physiological function. We have previously shown that 331 catalase is expressed specifically in the developing central nervous system of zebrafish, suggesting that 332 a similar mechanism may be in place during normal neurogenesis (Gauron et al, 2016) . Interestingly,
333
using Xenopus retinal explants Agathocleous et al. revealed that glycolysis is an essential process in the 334 CMZ possibly relevant for the quiescent, stem and/or progenitor cells that are all present in the niche 335 (Agathocleous et al, 2012) . This study in particular suggests that the regulation of glycolysis and 336 oxidative phosphorylation is critical for normal retinal development.
337
Here we were able to reveal the dynamics of H2O2 levels in the developing zebrafish retina, a tissue with 338 clear spatial compartmentalization separating quiescent, proliferative, cycling progenitor and 339 differentiated cells. We could draw for the first time a clear correlation between the proliferative state of 340 the neuroepithelium and levels of H2O2. From these observations, we decided to get further insight on the 341 regulation of this dynamics and assess the spatio-temporal expression of catalase in this tissue. The 342 13 expression of catalase and the pro-neural gene ath5 coincide at 2 dpf across the central retina and later, 343 at 3 dpf, in the CMZ where they are both maintained (Kay et al, 2005) . Analyzing catalase expression 344 in ath5 -/-mutants, we demonstrate that it is independent from Ath5 function itself (Kay et al, 2001;  345 Masai et al, 2000) . This suggests that Catalase regulation and function act in parallel to the pro-neuronal 
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To unravel the role of ROS scavenging and lipid peroxidation in RPCs, we investigated the in vivo 352 function of 9-HSA, a known downstream product of lipid peroxidation that we previously demonstrated 353 as a regulator of cellular growth in different human tumor cell lines (Bertucci et al, 2002; Calonghi et al, 354 2007; Cavalli et al, 1991; Gesmundo et al, 1994) . In these studies, we revealed by biochemical and 355 structural modeling studies that, in vitro, 9-HSA inhibits histone deacetylase 1 (HDAC1) activity by 356 directly binding to its catalytic site (Calonghi et al, 2005; Parolin et al, 2012) . Both 9-HSA enantiomeric 357 forms (R) and (S)-9-HSA have the ability to inhibit HDAC1 activity, with (R) being more active,
358
through a direct ligand-enzyme interaction, thereby blocking substrate access (Calonghi et al, 2005) .
359
The acetylation and deacetylation of core histones of chromatin are essential histone modifications 360 required for many biological processes such as cell proliferation, differentiation and gene silencing 361 (Allis & Jenuwein, 2016) . While 9-HSA role in vivo had not been characterized so far, HDAC1 was 362 shown to play a critical function in regulating the balance between proliferation and differentiation, and 363 this has been reported in many different neuronal tissue in zebrafish (Yamaguchi et al, 2005; Cunliffe, 364 2004; He et al, 2016) . However, the upstream events leading to HDAC1 activity modulation remained 365 unknown. Here by mass spectrometry we were able to detect 9-HSA in the zebrafish embryo, indicating 366 that the molecule is endogenously produced during zebrafish development. By exogenous 367 administration, we were able to evaluate the effect of 9-HSA overexposure on RPCs. In contrast to its 368 role in cancer cell lines, we show that high amounts of 9-HSA in the retina are able to alter the balance 369 between cell proliferation and differentiation and reveal that, like in vitro, 9-HSA acts as an endogenous 370 inhibitor of HDAC1 in vivo, therefore regulating the epigenetic state of RPCs. In the zebrafish retina
371
HDAC1 was shown to be required to promote differentiation of RPCs through the inhibition of Notch
372
and Wnt signaling pathways (Yamaguchi, 2005) . In zebrafish and amphibian retinae Wnt signaling has 373 14 been found to promote proliferation while Notch prevents differentiation (Borday et al, 2012; Denayer 374 et al, 2008; Del Bene et al, 2008; Schmidt et al, 2013; Yamaguchi, 2005) . Interestingly, in contrast to its 375 proliferative effect in the retina, 9-HSA has an opposite effect in the hindbrain where we observed a 376 decrease in the mitotic index. This is in agreement with the reported function of HDAC1 in this tissue 377 (Cunliffe, 2004) . Together our results indicate a context-dependent modality of action of 9-HSA, which 378 via HDAC1 inhibition, can differentially influence stem and progenitor cell fate in a tissue-specific 379 manner, and demonstrate that its effect on retina proliferation cannot be explained by simple embryonic 
385
To test our model and gain further insight in the upstream regulation of 9-HSA production, we next 386 decided to locally interfere with H2O2 levels in RPCs. To do so, we clonally introduced the expression of
387
Catalase in RPCs at a stage when the epithelium is homogeneously enriched in H2O2. We demonstrated 388 the scavenging activity of Catalase in these clones and could show that decreasing the endogenous 389 levels of H2O2 at this stage was sufficient as a signal for RPCs to initiate their differentiation. These 400 Lee et al, 2016; Nelson et al, 2017) . Our study provides insights in the mechanism of action of 9-HSA 401 in vivo via its inhibitory activity on HDAC1 and proposes a novel mechanism linking H2O2 homeostasis 402 and neuronal differentiation via the modulation of lipid peroxidation that leads to the expression of key 403 neuronal genes required for the switch from proliferation to differentiation of RPCs (Fig. 8) . Tg(ubi:HyPer),Tg(rx2:gal4) was performed as described in (Gauron et al, 2016) . Tg(rx2:gal4) line was 416 previously described in (Di Donato et al, 2016 
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Western blot revelation was performed using a cheminoluminescence digital imaging system (ImageQuant
526
Las-4000 Mini, GE Healthcare Life Sciences) and quantified using ImageJ software.
528
Whole-mount single and double fluorescent in situ hybridization
529
Digoxigenin-labeled riboprobes were prepared as recommended by the manufacturer instructions (Roche).
530
Whole-mount in situ hybridization was performed using standard procedures (Oxtoby & Jowett, 1993) . 
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HSA. The reverse phase chromatographic separation efficiency was evaluated by analyzing 803 simultaneously 9-HSA and its isomer 10-HSA. The analysis allowed a good separation of the two
